Abstract. Vertebrate and invertebrate herbivores alter plant communities directly by selectively consuming plant species; and indirectly by inducing morphological and physiological changes to plant traits that provide competitive or survivorship advantages to some life forms over others. Progressively excluding aboveground herbivore communities (ungulates, medium and small sized mammals, invertebrates) over five growing seasons, we explored how leaf morphology (specific leaf area or SLA) and nutrition (nitrogen, carbon, phosphorous, potassium, sodium, and calcium) of different plant life forms (forbs, legumes, grasses, sedges) correlated with their dominance. We experimented in two subalpine grassland types with different landuse histories: (1) heavily grazed, nutrient-rich, short-grass vegetation and (2) lightly grazed, lower nutrient tall-grass vegetation. We found differences in leaf traits between treatments where either all herbivores were excluded or all herbivores were present, showing the importance of considering the impacts of both vertebrates and invertebrates on the leaf traits of plant species. Life forms responses to the progressive exclusion of herbivores were captured by six possible combinations: (1) increased leaf size and resource use efficiency (leaf area/nutrients) where lower nutrient levels are invested in leaf construction, but a reduction in the number of leaves, for example, forbs in both vegetation types, (2) increased leaf size and resource use efficiency, for example, legumes in short grass, (3) increased leaf size but a reduction in the number of leaves, for example, legumes in the tall grass, (4) increased number of leaves produced and increased resource use efficiency, for example, grasses in the short grass, (5) increased resource use efficiency of leaves only, for example, grasses and sedges in the tall grass, and (6) no response in terms of leaf construction or dominance, for example, sedges in the short grass. Although we found multiple possible responses by life forms to progressive exclusion of herbivores, we also found some important generalities. Changes in leaf traits of legumes and grasses correlated with their increasing dominance in the short-grass vegetation and plants were more efficient at constructing photosynthetic tissue when herbivores are present with few exceptions. These results demonstrate that vertebrate and invertebrate herbivores are essential to maintain plant species richness and resource-use efficiency.
Herbivores sculpt leaf traits differently in grasslands depending on life form and land-use histories introduction Vertebrate and invertebrate herbivores consume considerable amounts of aboveground biomass (Delting 1998) , which directly alters aboveground primary productivity (Milchunas and Lauenroth 1993) ; and because of feeding preferences, plant community composition (Diaz et al. 2007 ). Because herbivory is generally a nonlethal cross-trophic-level interaction (unlike predation), most plants will also experience indirect effects of being fed upon that manifest into altered traits, e.g., producing allelopathic chemicals, changing physiology, morphology, growth, and phenology (Utsumi et al. 2010a ). However, the consequences of ubiquitous and non-lethal interactions of types of herbivores on the success of different plant life forms coexisting in communities is not well studied in both the fields of plant-animal interactions and plant functional traits (Ohgushi 2005) .
Part of this lack of focus on identifying the broader implications of herbivore-induced changes on plant communities is the complex set of interactions that are potentially impacted (Ohgushi 2005 , Utsumi et al. 2010a . Herbivore-induced damage on plants may sculpt plant communities because of differences in feeding habits, selectivity of feeding behavior, the capacity of plants to respond to damage, and the "full circle" response of plant-mediated indirect effects on herbivores including the production of allelopathic chemicals (Denno and Kaplan 2007) . These complex herbivore-induced indirect effects invoke a series of "chain reactions" within and across trophic levels that likely have significant implications for species richness and abundance in both plant and animal communities (Ohgushi 2005 , Utsumi et al. 2013 .
Numerous leaf trait studies have discovered "soft" traits that can act as surrogates for more complex physiological processes within plants (Wright et al. 2004, Westoby and Wright 2006) . Combinations of these traits or "syndromes" are representative of growth strategies wielded by different plant life forms and species. The leaf economic spectrum proposes a fundamental trade-off in the traits held by fast-and slow-growing plant species (Diaz et al. 2004 , Wright et al. 2004 , Westoby and Wright 2006 . Fastgrowing plant species, also referred to as resource acquisition specialists, are better at resource capture, and generally occupy sites where resources are not limiting. These fast growing species have generally higher specific leaf area (SLA [mm 2 /mg], fresh leaf area [LA]/oven-dry mass), and higher overall leaf nutrient contents. Resource acquisition specialists also are more efficient in their nutrient use, being able to produce a larger SLA with a lower investment of leaf nutrients in the formation of tissue. Slow-growing plant species, also referred to as resource conservation specialists, have a lower rate of return on their investments of photosynthesis and nutrients in the formation of leaf tissue. Resource conservation specialists are generally characterized as conserving resources and to tend to hold opposite traits to resource acquisition specialists: lower SLAs and lower nutrient contents (Diaz et al. 2004 , Wright et al. 2004 , Westoby and Wright 2006 .
Studies have found that these soft leaf traits can be used to monitor and track general "functional" changes within plant communities, despite study sites being occupied by different species to disturbances such as changed grazing pressure (Dorrough et al. 2004 , McIntyre 2008 , eutrophication (Kuhner and Kleyer 2008, da Silveira Pontes et al. 2010) , and identity and origin of neighbors (e.g., invasive exotic plants; Lavorel and Garnier 2002 , McIntyre et al. 2005 , McIntyre and Lavorel 2006 . SLA and leaf nutrient content can be used as indicators of the relevant functioning of communities (Quetier et al. 2007 ). These leaf traits represent the investment plants make in the production of photosynthate, and uptake of mineral nutrients for metabolism for the construction of leaves, stems, roots, and reproductive organs (Wright et al. 2004 ). These same traits, SLA and leaf nutrient contents, may then be useful for measuring the induced response of different plant life forms to herbivory and test how alterations to leaf traits by herbivores then, in turn, explain community dynamics.
The few studies that have considered the consequences of herbivores on plant traits have tended to either research the impacts of large ungulates (Dorrough and Scroggie 2008) or insect herbivores (Peeter 2002 ) with the exception being Lind et al. (2012) , whose study included both. Yet, herbivores of different body size, function, and behavior inhabit grassland systems; and therefore, could differently affect how plants invest in the construction of leaves, a plant's essential photosynthetic apparatus, and therefore, its key revenue stream (Wright et al. 2005) .
In this study, we assessed how progressive exclusion of diverse aboveground herbivore communities affected the morphology and chemistry of the leaves grown by different plant life forms in two subalpine grassland types with different land-use history. More specifically, we excluded large, medium, and small mammals as well as invertebrates from two subalpine grassland types: (1) heavily grazed, rather nutrient rich, short-grass vegetation and (2) lightly grazed, lower nutrient, tall-grass vegetation (Schütz et al. 2006 ) and evaluated how these treatments affected plant traits in terms of both structure and function.
We focused on measuring "soft traits," SLA, and various leaf nutrient contents (i.e., nitrogen [N] , carbon [C], phosphorus [P], potassium [K] , sodium [Na] , and calcium [Ca] ) across the progressive exclusion treatments, because numerous studies have found these traits will manifest differently within plants depending on abiotic and biotic conditions (Diaz et al. 2015) . We then tested how these variations correlated with changes in dominance of the life form after five years. These correlations allowed us to tease apart whether leaf traits known to be indicative of investments and revenue streams for plants (Wright et al. 2004) were changed with the progressive removal of herbivores, and whether these changes presented a fitness advantage for some life forms over others depending on the relative productivity of the grassland. We expected to find decreased nutrients in the leaves and increased LA with the progressive exclusion of herbivores with the largest differences occurring between treatments where all herbivores have access to the plots vs. treatments where all are excluded. We expected to find this phenomenon of increased resource efficiency in the production of leaves with progressive exclusion of herbivores as leaves will age without the selective pressure of herbivores and some nutrients are mobile being shifted from older to younger plant tissue. We also expected to find a larger response in legumes and forbs vs. the grasses and sedges because of leaf shapes and plasticity; and a larger response in the more heavily grazed and nutrient rich short-grass vegetation because of higher availability of soil nutrients.
MaterialS and MethodS

Study area
Our study was conducted in the Swiss National Park (SNP; 170 km 2 in area) located in the southeastern part of Switzerland at elevations between 1,350 and 3,170 m above sea level (see also Risch et al. 2013) . The SNP, founded in 1914, has received minimal human disturbance for the past 100 yr (no hunting, fishing, or camping, visitors are not allowed to leave the trails). The park's subalpine grasslands are characterized by large (>1 ha) homogeneous patches of short-and tall-grass vegetation that represent different historical management as well as grazing regimes by wild ungulates: short-grass vegetation developed in areas where cattle and sheep rested (high nutrient input) during agricultural land-use (from the 14th century until 1914); tall-grass vegetation developed in areas where cattle and sheep used to graze, but did not rest (Schütz et al. 2003 (Schütz et al. , 2006 . The former resting places became favorite grazing sites of red deer (Cervus elaphus L.) after the parks foundation and developed into shortgrass vegetation. This vegetation type is generally more productive than the tall-grass vegetation. Roughly 60% of the biomass is consumed in the short grass compared to <20% in tall-grass vegetation (Schütz et al. 2006 , Risch et al. 2013 
Experimental design
We selected 18 subalpine locations (9 short-grass, 9 tall-grass vegetation) distributed over six subalpine grasslands throughout the park, located on dolomite parent material at altitudes of 1,975-2,300 m. We established exclosure networks at each location in spring 2009 (early June), immediately after snowmelt (see also Appendix S1: Fig. S1 ). We selected three large (>10 ha) and three small (<3 ha) grasslands. In the large grasslands, we established four exclosure networks (two in short-and two in tall-grass vegetation); in the small grasslands, one exclosure network was established in each of the two vegetation types. Each exclosure network consisted of a total of five plots (2 × 3 m) that progressively excluded the different herbivores listed above (further labeled according to the herbivore guilds that had access to the respective plots L/M/S/I, M/S/I, S/I, I, and None; where L is large mammals, M is medium mammals, S is small mammals, I is invertebrates, and None means no herbivores had access; Appendix S1: Fig. S1 ). The L/M/S/I plot (not fenced) was located at least 5 m away from the 2.1 m tall and 7 × 9 m main electrical fence that enclosed the other four exclosure types (for details, see Risch et al. 2013 , Haynes et al. 2014 . Within each main fence we randomly established four plots: (1) The M/S/I plots remained unfenced and provided access for all but ungulates. (2) The S/I plots were surrounded by a meshed (10 × 10 cm) electrical fence that provided access for S and I. Note that the bottom 10 cm of this fence remained non-electrified to allow save access for S. (3) The I plots were surrounded by metal mesh (2 × 2 cm) doubled at the bottom to exclude all mammals. (4) The None plots were surrounded by a 1 m tall mosquito net (1.5 × 2 mm) to exclude all herbivores. The top of the plot was covered with a mosquito meshed wooden frame roof mounted to the corner posts (Risch et al. 2013 , Haynes et al. 2014 .
In addition, we established six "micro-climate control" exclosures to assess whether the design of the None exclosure (mesh and roof) affected the response variables within the plots and therefore might have influenced the results found (for more detail, see Risch et al. 2013 ). We were able to confirm that differences in plant (vegetation height, aboveground biomass, etc.) and soil properties (soil temperature, moisture, etc.) found between the I and the None treatments were not due to the construction of the None exclosure but a function of herbivore exclosure (Risch et al. 2013 ). The fences were dismantled every year in late October to protect them from snow pressure and avalanches and erected again in early May the following year immediately after snowmelt. In October 2013, the entire experiment was dismantled and all material removed from the SNP.
Assessing plant functional traits of selected species
In July 2013 (in the fifth season of exclusion), we randomly collected five fully developed leaves with no signs of herbivore damage from five mature individuals of eight plant species representing four life forms (Legume, Trifolium repens L., Lotus corniculatus L.; Forb, Galium anisophyllon Vill., Crepis alpestris [Jacq.] Tausch; Grass, F. rubra L., B. media L.; Sedge, C. sempervirens Vill., Carex caryophyllea Latour.). These species were the most dominant within each life form group across both vegetation types in terms of both frequency and cover. Measuring the same species as representative of our life form groups allowed us to test how differences in the productivity of grasslands can alter how herbivores induce plant traits. We collected leaves from these species (if present) in each of the 90 2 × 3 m treatment plots with the standardized protocols detailed by Cornelissen et al. (2003) .
Collected leaves for each species in each plot were combined, scanned for area using a flat bed scanner (Epson perfection V300, Tokyo, Japan) and image analysis software (ImageJ; Abramoff et al. 2004) , dried, and weighed (dry mass). SLA was calculated as LA (mm 2 )/ dry mass (g). An additional 10 leaves per species were collected (where available), dried, combined with the leaves used for SLA measurement, ground, and analyzed for total leaf nutrients. Nitrogen (N) and carbon (C) were obtained by combustion using a LECO TruSpec analyzer (St. Joseph, Michigan, USA). Phosphorus (P), potassium (K), calcium (Ca), and sodium (Na) were obtained using a Varian Vista Pro ICPOES instrument on samples that were open digested with a 5:1 nitric and perchloric acids (Rayment and Higginson 1992) . We then analysed leaf nutrient levels by dividing nutrient concentration levels into the size of the leaves analysed, e.g., measure of level of nutrients depending on LA; LA/C (mm 2 /mass, where mass is measured as percentage of total dry mass), LA/N (mm 2 /mass), LA/P (mm 2 /mass), LA/K (mm 2 /mass), LA/ Ca (mm 2 /mass), and LA/Na (mm 2 /mass). We used LA because of associations found between trait distributions and photosynthetic function, the relevance of LA to herbivory (Lind et al. 2012) and in consideration of the recently identified limitations of normalizing trait values by mass (Osnas et al. 2013) . We also show mean values for foliar nutrient data (see Appendix S1: Fig. S3 ).
Statistical analyses
All statistical analyses were performed in R version 3.2.2 2015-08-14 (R Development Core Team 2013). We developed linear mixed models estimated with maximum likelihood using the lme4 library (Bates et al. 2012 ) to investigate how herbivore exclusion affected SLA and LA divided by leaf nutrients. Exclosure network was included as a random factor nested within grassland following our experimental design (Bolker et al. 2008) . We then used diagnostic plots to check model assumptions of no correlations between observations within groups (Pinheiro and Bates 2000) . We conducted these analyses for each vegetation type, short grass and tall grass, separately. The SLA and individual LA/nutrient measures were the dependent variables, modeled as a function of the fixed effects of treatment and life form (i.e., forb, grass, legume, and sedge). We then used the ANOVA function available in the LmerTest library that calculates denominator degrees of freedom for F statistics including P values using Satterthwaite's approximation. The ANOVA function in LmerTest summarizes F statistics for the main effects, conducts likelihood ratio tests to test the significance of random effects, and compares differences between each factor level (Kuznetsova et al. 2016) .
We then used generalized linear regression models to test correlations between dominance (i.e., LA/frequency) and changes in SLA and leaf nutrients depending on herbivore exclusion treatments. Therefore, dominance was the dependent variable and leaf traits and treatment the independent variables. Because, we tested the response of seven different traits in each group of analyses, it was necessary to address issues with the inflation of the alpha level, which increases the probability of a family-wise Type 1 error. To reduce the probability of a family-wise Type 1 error, we corrected P values using a sequential Holm Sidàk, where P values are ordered and the correction applied on each P value, where P is P values from the statistical models, c is the total number of hypotheses tested within a family, and i is the stage in the sequential ordering until the first nonsignificant test in a family of P values is found (Abdi 2010) .
reSultS
Herbivore-induced indirect effects on leaf traits depending on plant life form
In the short-grass vegetation, SLA varied significantly depending on life form and treatment (Fig. 1a, Table 1 ; see Appendix S1: Fig. S2a and Table S1 ). No significant changes in SLA were found with grasses and sedges, but SLA of forbs and legumes were overall significantly higher in None plots compared to the L/M/S/I plots, where all herbivores were present. As expected, the SLA of forbs and legumes was generally higher than that of grasses and sedges. Similar treatment effects on SLA were detected in the tall-grass vegetation ( Fig. 1h ; see Appendix S1: Fig.  S2h) , with forbs and legumes explaining the significant effect of treatment-dependent SLA increases and generally higher SLA than sedges and grasses ( Fig. 1h ; see Appendix S1: Fig. S1h , and Table S2a ).
Generally, all LA/nutrient levels increased with the progressive exclusion of herbivores across all life forms in both vegetation types, showing that the resource use efficiency of the leaves increased as leaves increased in LA with a lower nutrient content (Fig. 1, Table 1 , see Appendix S1: Fig. S2 ). Overall, the plants were more nutrient-rich in the short-compared to the tall-grass vegetation, because LA/nutrients was higher in the tall-compared to the short-grass vegetation for all life forms but forbs (see Appendix S1: Figs. S2 and S3).
More specifically, LA/C was higher in leaves when only invertebrates (I) or no herbivores (None) were present compared to the plots where all herbivores were present (L/M/S/I) in both vegetation types ( Fig. 1b ; see Appendix S1: Tables S1, S2). In the short-grass vegetation, forb leaves had higher LA/C than all other life forms. Sedge leaves were higher in LA/C than legumes and grasses, and forb leaves were higher in LA/C than legumes in the tallgrass vegetation (Fig. 1b, i ; see Appendix S1: Fig. S2b , i, Tables S1 and S2).
Leaf area/N was significantly higher when all herbivores were excluded (None) compared to when all herbivores were present (L/M/S/I) in the short-grass vegetation and also the plants in plots where only invertebrates were present (I) had higher LA/N then when all animals had access (L/M/S/I; Fig. 1c ; see Appendix S1: Fig. S2c , and Table S1 ). Legumes had significantly lower LA/N compared to all other life forms. In the tall-grass vegetation, the L/M/S/I plots had significantly lower LA/N than all
fig. 1. Means and standard errors for specific leaf area (SLA) and LA/nutrients (LA/C, LA/N, LA/P, LA/Na, LA/Ca, LA/K; measured as mm 2 /mass, where mass is measured as percentage of total dry mass). (a-g) Response of these leaf traits to progressive herbivore exclusions in the two vegetation types, (h-o) leaf traits of the different life forms in the two vegetation types. The herbivore treatments progressively excluded herbivores by body size. The codes provided on the x-axis indicate which group of herbivores had access to the plots: L/M/S/I, large mammals, medium mammals, small mammals and invertebrates had access; M/S/I, medium mammals, small mammals, and invertebrates had access; S/I, small mammals and invertebrates had access; I, invertebrates had access; None, no herbivores had access. but the M/S/I plots. These plots had lower LA/N compared to the plots where all animals were excluded (None; Fig. 1k ; see Appendix S1: Fig. S2k and Table S2 ). Legumes had again the lowest LA/N followed by forbs and grasses with intermediate and sedges with the highest ratios within this vegetation type. Leaf area/P differed when all animals were excluded (None) compared to when all animals were present (L/M/S/I) in both vegetation types (Fig. 1d, l ; see Appendix S1: Fig. S2d , l, and Tables S1, S2). Legumes had significantly lower LA/P compared to all other life forms in the short-grass vegetation, while LA/P was higher in sedges compared to legumes and forbs in the tall-grass vegetation. LA/P also differed between grasses and legumes in this vegetation type.
Plant leaves in plots where all herbivores had access (L/M/S/I) had lower LA/Na compared to plots where large mammals were excluded (M/S/I). Sedges had higher LA/Na compared to all other life forms in the short-grass vegetation ( Fig. 1e ; see Appendix S1: Fig. S2e and Table  S1 ). In the tall-grass vegetation LA/Na was higher in all plots compared to L/M/S/I, with the exception of the I plots ( Fig. 1e ; see Appendix S1: Fig. S2e and Table S2 ). Grasses and sedges had higher LA/Na than legumes, and sedges also had higher LA/Na than forbs ( Fig. 1m ; see Appendix S1: Fig. S2 m and Table S2 ).
Leaves collected from plots that were open to all herbivores (L/M/S/I) were lower in LA/Ca compared to plots were large mammals were excluded (M/S/I), which, however also had significantly lower LA/Ca compared to the plots where all herbivores were excluded (None) in the short-grass vegetation ( Fig. 1f ; see Appendix S1: Fig.  S2f and Table S1 ). Grasses and sedges contained similar levels of LA/Ca content. Where in the tall-grass vegetation, forbs and legumes showed similar levels LA/Ca content, but no treatment effect was found ( Fig. 1n ; see Appendix S1: Fig. S2n , Tables S1 and S2).
In the short-grass vegetation, LA/K content was highest when all herbivores were excluded (None), and differed from all the other plots ( Fig. 1g ; see Appendix S1: Fig. S2g and Table S1 ). Legumes had lower LA/K compared to sedges and forbs. LA/K only differed between the L/M/S/I and None plots in the tall-grass vegetation and sedges had much higher LA/K compared to the rest of the life forms ( Fig. 1o ; see Appendix S1: Fig. S2o and Table S2 ).
Relationship between herbivore-induced trait responses and life form dominance
In the short grass vegetation, we found a positive correlation between forb dominance and SLA (Table 2 ), but this change was unrelated to treatments, indicating variability across our exclosure network. However, as forb SLA increased across our treatments (see Appendix S1: Fig. S2a and Table S1 ), but dominance did not, herbivore exclusion caused forbs to produce fewer, but larger leaves measured as LA (Fig. 2a) . At the same time an increase in LA/nutrients was observed (Table 2 ; see Appendix S1: Fig. S2b-g ). Changes in legume dominance were significantly related to changes in LA/nutrients as we found positive relationships with all nutrients (Table 2; see Appendix S1: Fig. S2a and Table S1 ), suggesting that the production of leaves by legumes is increasing in resource use efficiency with the progressive exclusion of herbivores (Fig. 2b , Table 2 ; see Appendix S1: Fig. S2b-g ). Contrastingly, grass SLA did not increase across our treatments (see Appendix S1: Fig. S2a and Table S1 ), but LA/nutrients did increase; therefore, the positive increase found between treatments and grass dominance suggests grasses are producing more tillers/leaves when fewer herbivores were present and that these leaves are more resource use efficient (Fig. 2c, Table 2 ; see Appendix S1: Fig. S2b-g ). For sedges, we found no relationships between dominance, SLA, and any LA/nutrients ( Table 2 ). The progressive exclusion of herbivores in the short-grass vegetation thus left sedges unaffected (Fig. 2d) .
Similarly in the tall-grass vegetation, forbs responded to the progressive herbivore exclusions with fewer, but larger, more resource-efficient leaves (Fig. 2e, Table 3 ). Contrastingly, legume dominance did not show a significant relationship with variation in SLA or LA/nutrients (Table 3) . However, as SLA increased across the treatments (see Appendix S1: Fig. S2h and Table S2 ), progressive herbivore exclusion led to legumes producing fewer, but larger, leaves while the efficiency remained unchanged (Fig. 2f, Table 3 ). Grass dominance was positively related to LA/nutrients ( Notes: Fixed effects were treatment and life form. F statistics, including P values, were calculated using Satterthwaite's approximation. We corrected families of P values using Holm's sequential Sidàk procedure; see Eq. 1 in Methods. The corrected P values are shown in brackets. Significant results (P < 0.05) are shown in boldface type. In cells with "ns," random effects were not found to significantly explain variation, in these instances we used an ANOVA to analyze relationships. dominance nor SLA was altered by our treatments (Fig. 1h, Table 3 ), progressive herbivore exclusion only increased the resource use efficiency of the grasses (Fig. 2g) . The same was true for sedges (Fig. 2h , Table 3 ; see Appendix S1: Fig. S2h and Table S2 ). In addition, we detected a negative relationship between sedge dominance and SLA, which indicated variation in responses between fences (Table 3) . As would be expected, where sedge dominance was high, SLA tended to be lower.
diScuSSion
Herbivores damage plants and this damage is generally non-lethal, ubiquitous, and unevenly inflicted on life forms and plant species (Utsumi et al. 2010a, b) . Types of herbivory damage are numerous, ranging from complete tissue removal to subtle physiological and morphological changes in traits. It is the implications of these subtle changes to physiology and morphology of plants that have largely been ignored in community ecology (but please see Lind et al. 2012) . Here, we find that soft and relatively easy-tomeasure leaf traits (SLA, LA/nutrients) can change in a predictable manner (e.g., leaf economic spectrum; Lavorel and Garnier 2002 , Wright et al. 2004 , McIntyre 2008 , Meer et al. 2009 , and that these changes in some instances correlate with changes in life form dominance.
We measured the same eight species representing four life forms (i.e., grasses, forbs, legumes, and sedges), across two grassland types with different land-use histories that are characterized by high productivity and high biomass consumption (short-grass vegetation) vs. low productivity and low biomass consumption (tall-grass vegetation). Regardless of grassland type and life form, we found there is not just one generalizable plant response to the progressive release from herbivory but instead we found six generalizable ways that plants can respond: (1) increased leaf size and resource use efficiency, but a reduction in the number of leaves, (2) increased leaf size and resource use efficiency where lower nutrient levels are invested in leaf construction, (3) increased leaf size but a reduction in the number of leaves, (4) increased number of leaves produced and increased resource use efficiency, (5) increased resource use efficiency of leaves only, and (6) no response in terms of leaf construction or dominance.
Changes in life form dominance
Historically, a change from a predominance of taller grasses to low-lying forbs and a doubling in plant species richness in the short-grass vegetation took place in the SNP (Schütz et al. 2000 (Schütz et al. , 2003 . These changes were brought about because of red deer grazing heavily on these grasslands after their population experienced exponential growth between 1940 and 1970 (Haller 2002) . The increase in cover of forbs and legumes such as G. anisophyllon and T. repens (included in this study) resulted from their ability to avoid grazing because of their short prostrate structure, a structural trait found by global analyses to characterize plant communities following grazing impacts (Diaz et al. 2007 ). In our study, forbs and legumes were found to alter leaf construction in response to a release from herbivory, which was measured as an increase in SLA, where LA increased and the amount of dried tissue contained within the leaf was proportionally lower (Wilson et al. 1999 , Firn et al. 2012 ). However, changes in SLA did not correlate to an increase in dominance for forbs, as the strategy employed by forbs was to reduce leaf production. Legume dominance, in contrast, increased across our treatments. Grazers have a high affinity for legumes; thus, the positive response when grazing pressure is relieved is in line with the results of previous studies (Vitousek et al. 2002 (Vitousek et al. , 2010 . However, due to their low shade tolerance and small structure overtime, it is likely that legume dominance may be superseded by grasses, generally considered a more competitive life form, in the highly productive short-grass vegetation (Vitousek et al. 2002 (Vitousek et al. , 2010 .
Unlike forbs and legumes, sedge and grass dominance was not correlated with changes in SLA values. Sedges showed no significant change in dominance with the progressive exclusion of herbivores as well as few changes in leaf traits. Grasses increased in dominance by increasing tiller density, which may provide a competitive advantage (see also Sbrissa et al. 2001) . The production of additional leaves/tillers demands the acquisition of nutrients from other sources than the leaves themselves. This could happen by decreasing the investment in root growth when grazing pressure is lowered (Milchunas and Lauenroth 1989) or by benefiting from the nutrient pools contained within the soil of nutrient-rich environments (Tilman 1988, Goldberg and Landa 1991) . We do not have information on root production of grasses, but we do know that overall root biomass did not differ among our treatments (Risch et al. 2015) . However, since the soil sustaining the short-grass vegetation is fairly nutrient rich for the constrained area of the SNP (Schütz et al. 2006), and Risch et al. (2015) showed increased soil N mineralization rates with progressive herbivore exclusion, our findings suggest that the mechanism behind the increased grass dominance was likely associated with increased soil nutrient exploitation.
Although we did not measure anti-herbivore compounds (defense compounds) in leaves, response of our grasses to progressively excluding herbivores supports the growth-defense hypothesis (sensu Coley et al. 1985) . In resource-rich environments, fast-growing plants that invest relatively less in defense compounds suffer high herbivore damage. However, once released from grazing pressure, they can outcompete the other species due to faster growth rates (Lind et al. 2013 ). Consequently, if we were to continue our exclusion experiment, we would expect the vegetation to revert to the composition found in the area prior to the parks foundation (strong dominant tall-growing grasses) and that light limitation (Hautier et al. 2009 ) would become an important long-term driver of compositional change with a loss in plant species richness (Viola et al. 2010 ). Tables 2, 3 , Appendix S1: Table S1 ) of how progressive herbivore exclusion (x-axis) alters life form dominance (y-axis), resource use efficiency (dark green leaves show low resource use efficiency, light green leaves show high efficiency), leaf size, and number of leaves. (a-d) Life form responses in the short-grass vegetation, (e-h) life form responses in the tall-grass vegetation. The codes shown on the x-axis indicate which group of herbivores had access to the plots: L/M/S/I, large mammals, medium mammals, small mammals, and invertebrates had access; M/S/I, medium mammals, small mammals, and invertebrates had access; S/I, small mammals and invertebrates had access; I, invertebrates had access; None, no herbivores had access. In the tall-grass vegetation, forbs and legumes were also able to increase SLA when all herbivores were excluded (None), but this increase came at the cost of producing fewer leaves and therefore did not correlate with a change in dominance. Grasses and sedges showed no response in SLA, but also did not increase the number of leaves or tillers. As, again, Risch et al. (2015) showed no differences in root biomass among our treatments in the tall-grass vegetation, this suggests that soil nutrients are not as readily available for plant uptake in this vegetation type (tall grass). Indeed, historical plant surveys did not show any change in life form dominance in this vegetation over 100 years (Schütz et al. 2003) , thus, our short-term results are not surprising. Together with the historical data they confirm the "inertia" low productive systems display when impacted by environmental change (Bardgett and Wardle 2003) and our results suggest that this inertia begins at the individual plant level.
fig. 2. Summarized responses (statistics in
Changes in life form resource use efficiency
The progressive exclusion of herbivores also positively affected the resource use efficiency (Wright et al. 2004 , Westoby et al. 2006 ) of the different life forms for all but sedges in the short-and legumes in the tall-grass vegetation (displayed as change in the shade of green in Fig. 2) . There are two possible explanations for these increases: progressive herbivore exclusion (1) reduced the palatability of the plants or (2) increased plant biomass (standing crop) and shading and therefore led to changes in photosynthetic activities of the plants. There is support for both pathways in the literature.
1. Positive grazer-grassland interactions, with higher forage quality when large herbivores (ungulates) were present, have been reported for grassland ecosystems around the globe (Frank et al. 1998) . However, in our study, we were able to show that also smaller herbivores, in particular, the presence/ absence of invertebrates was important in shaping plant resource efficiencies and therefore potential differences in palatability of the plants. Literature on how the exclusion of invertebrates alters plant quality in ecosystems is rare (Loranger et al. 2012) . However, for example, Belovsky and Slade (2000) showed that grasshopper grazing increased the litter quality (N) of several (individual) grass species, which indicates that, as with large herbivores, invertebrates could cause positive grazer-grassland feedbacks. 2. Entire plants or individual leaves are known to increase their resource efficiency under shaded conditions. This lowers the photosynthetic rate per la by up to 50% when measured near light saturation, but maximizes assimilation under low light conditions (Evans and Poorter 2001) . When shaded, plants lower their maximal possible photosynthesis rates, but develop plant tissue that is able to perform better under the shaded conditions. These plants/leaves are better adapted to photosynthesis under lower light conditions compare to plants/leave growing in full sunlight.
concluSionS
Our results show that there may be no generalizable response of plants to herbivory. Traits that are altered by herbivore activity seem, for example, to depend on the life form/plant species studied, inter-vs. intra-life form/ plant species comparisons, type of herbivores considered (e.g., cattle, wild ungulates, invertebrates; Peeter 2002 , Dorrough and Scroggie 2008 , Lind et al. 2012 , controlled environment experiments (greenhouse, garden, low number of species) vs. field experiments in communities rich in both plant and herbivore species (Denno and Kaplan 2007 , McIntyre 2008 , Firn et al. 2012 , or environmental conditions at the study site (tropical, temperate, polar, humid, dry, productive, unproductive; Diaz et al. 2007) .
What our results do show are that herbivore-induced indirect impacts matter to populations and communities because they sculpt leaf structure and influence subsequent functions and community composition. Vertebrate and invertebrate herbivore management should aim to maintain grazing pressure to benefit efficient investments in the construction of photosynthetic tissue. In more productive grasslands, management is, in addition, important for maintaining biodiversity because there is a propensity for a dominant life-form to be favored when herbivory pressure is reduced, as could happen through changes in herbivore communities (e.g., extinction, invasion), while lower productivity grasslands are more resilient to changing pressure from herbivores.
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